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INTRODUCTION
Lung cancer is a highly aggressive malignancy and the leading cause of cancer-related death worldwide, with non-small cell lung cancer (NSCLC) being one of the most common subtypes. First-line chemotherapy for NSCLC patients with advanced disease is typically platinum-based, and yields a median overall survival of 8-11 months [1] . About 10% of NSCLC patients have a mutation in the tyrosine kinase (TK) domain of the epidermal growth factor receptor (EGFR) gene, and the success of EGFR TK inhibitors (TKIs) has shifted the focus of cancer treatment from cytotoxic chemotherapy to one that targets specific molecules. In fact, EGFR TKIs are now the standard therapy for advanced NSCLC patients with activating EGFR mutations [2] . However, approximately 20% to 30% of NSCLC patients are unresponsive to these drugs and even those who initially benefit from therapy develop progressive disease after about 1 year [3] [4] . Thus, many efforts have been made to clarify EGFR TKI resistance mechanisms, which include a secondary mutation in T790M in exon 20 of the EGFR gene [5] , amplification of the MET proto-oncogene [6] , and hepatocyte growth factor (HGF) overexpression [7] . However, the mechanistic basis for resistance is unknown in 20%-30% of cases.
Lipid metabolism plays an important role in lung cancer. The adipophilin/adipose differentiation-related protein perilipin (PLIN)2 is a typical member of the adipophilin family of lipid droplet (LD) coat proteins that regulate lipid storage and lipolysis. PLIN1 is primarily expressed in adipose and steroidogenic cells, while PLIN2 is ubiquitously expressed and functions as the predominant LD coat protein in non-adipose tissues [8] , playing a key role in fatty acid uptake, LD formation, and lipid storage. Previous studies have shown that PLIN2 is upregulated in many cancers, including clear cell renal cell carcinoma (ccRCC), malignant melanoma, and colorectal cancer [9] [10] . Hypoxia-inducible factor (HIF)-2α was found to promote PLIN2 expression and lipid storage in ccRCC cell lines, which was required for endoplasmic reticulum (ER) homeostasis and resistance to cytotoxic ER stress [11] .
PLIN2 was found to be expressed in a subset (15.5%) of lung adenocarcinoma cases. The expression level was significantly correlated with vascular invasion, wild-type EGFR expression, anaplastic lymphoma kinase fusion, and surfactant protein B deficiency. Furthermore, patients with PLIN2-positive adenocarcinoma had worse disease-free and overall survival than those who were negative for PLIN2 expression [12] . However, the precise function of PLIN2 in lung adenocarcinoma has not yet been reported.
We addressed this in the present study using gefitinib-resistant PC9R cells and clinical samples. We found that PLIN2 was upregulated in PC9R cells and conferred gefitinib resistance by inducing cell cycle arrest and apoptosis. PLIN2 knockdown in PC9R cells impaired the activation of AKT signalling. Additionally, PLIN2 was overexpressed in gefitinib-resistant cells of human adenocarcinoma specimens.
RESULTS

PLIN2 is upregulated in gefitinib-resistant PC9R cells and mediates gefitinib resistance
Based on previous studies, we speculated that PLIN2 plays an important role in gefitinib resistance. We generated gefitinib-resistant PC9R cells by exposing gefitinib-sensitive PC9 cells to increasing concentrations of gefitinib [13] . To investigate a role for PLIN2 in the development of gefitinib resistance, we compared PLIN2 expression levels between gefitinib-sensitive PC9 and -resistant PC9R cells by quantitative reverse transcription (qRT)-PCR and western blotting. We found that PLIN2 was upregulated in PC9R as compared to PC9 cells ( Figure 1A-1C ), suggesting an important role for PLIN2 in gefitinib resistance.
To evaluate this possibility, PC9R cells were transfected with either PLIN2 short hairpin (sh) RNA or negative control shRNA to silence PLIN2 expression. The qRT-PCR and western blot analyses showed that shPLIN2-1 and -2, two shRNA sequences targeting the PLIN2 transcript, inhibited PLIN2 expression ( Figure 1D -1F). PC9R cells were transfected with PLIN2 or negative control shRNA for 24 h and then treated with 1 µM gefitinib for 96 h. PLIN2 knockdown with shPLIN2-1 and -2 reduced cell proliferation ( Figure 1G ), as confirmed with the Cell Counting Kit (CCK)8 cell viability assay for gefitinib concentrations ranging from 0.1 to 20.0 µM ( Figure 1H ).
PLIN2 confers gefitinib resistance by inhibiting PC9R cell apoptosis through caspase activation and mitochondrial dysfunction
We investigated the effects of PLIN2 silencing on PC9R cell proliferation following gefitinib treatment by examining 5-ethynyl-2′-deoxyuridine (EdU) incorporation. The fraction of EdU-positive cells was approximately 65% in the negative control group and 35% in cells transfected with shPLIN2-1 and -2 following incubation with 1 µM gefitinib (Figure 2A , 2B), confirming that PLIN2 depletion suppresses proliferation in PC9R cells.
To further verify the effects of PLIN2 silencing on gefitinib resistance in PC9R cells, we analysed apoptosis by annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining and flow cytometry. The apoptosis rate was increased to ~40% in PC9R cells transfected with shPLIN2-1 and -2 as compared to negative control shRNA in the presence of 1 µM gefitinib ( Figure 2C, 2D) . Moreover, the number of cells in G2/M phase was increased in PLIN2-silenced PC9R cells relative to the control group, indicating that cell cycle arrest was induced ( Figure 2E , 2F). To confirm the effects of PLIN2 silencing in both PC9 and PC9R cells in the absence of gefitinib, we analysed apoptosis of PLIN2-silenced PC9 and PC9R cells by FITC/PI staining and flow cytometry. The qRT-PCR analyses confirmed that shPLIN2-1 and -2 significantly inhibited PLIN2 expression in the PC9 cells (Supplementary Figure 1A) . The apoptosis rate was increased to ~20% in both PC9 and PC9R cells transfected with shPLIN2-1 and -2 as compared to negative control shRNA in the absence of gefitinib (Supplementary Figure  1B, 1C) ; however, the increase in the apoptosis rate of PLIN2-silenced PC9R cells in the absence of gefitinib was small compared to that in the presence of 1 µM gefitinib.
We next measured mitochondrial membrane potential by staining cells that were stably transfected with PLIN2 or negative control shRNA with JC-1, which emits red fluorescence as J-aggregates in intact mitochondria and green fluorescence in the monomeric form in damaged mitochondria. The JC-1 monomer ratio of PC9R cells transfected with shPLIN2-1 and -2 was higher than that of cells transfected with the negative control shRNA in the presence of 1 µM gefitinib ( Figure 3A 
PLIN2 knockdown suppresses tumour proliferation in vivo
To determine whether PLIN2 knockdown suppresses lung tumour growth in vivo, PC9R cells transfected with shPLIN2-1 were injected into nude mice. After 1 week, PC9R cells transfected with negative control and shPLIN2-1 grew into visible tumours. However, the volume of tumours derived from cells transfected with shPLIN2-1 was significantly smaller than that of tumours derived from negative control shRNA-transfected cells ( Figure 4A ). A similar trend was observed for tumours mass after 1 month ( Figure 4B , 4C). To assess the effects of PLIN2 knockdown on cell proliferation, Ki67 expression in tumour sections was detected by immunohistochemistry. The percentage of Ki67-positive cells was decreased in PLIN2-deficient PC9R cell tumours relative to the negative control ( Figure 4D , 4E). 
PLIN2 knockdown inhibits PC9R cell proliferation by suppressing EGFR/AKT/survivin signalling
To evaluate the molecular mechanism underlying PLIN2-mediated gefitinib resistance in PC9R cells, we used a whole human cDNA array to identify altered downstream signalling pathways. PLIN2 depletion altered the expression of apoptosis and cell cycleassociated molecules. A qRT-PCR analysis revealed that Survivin (also called baculoviral inhibitor of apoptosis repeat-containing 5 or BIRC5), DNA topoisomerase 2-alpha (TOP2A), cyclin-dependent kinase (CDK)1, and B cell lymphoma 2 ligand (BCL2L)1 were significantly downregulated in cells transfected with shPLIN2-1 as compared to those transfected with the negative control shRNA ( Figure 5A , 5B). Given that AKT plays an important role in tumour cell proliferation, we investigated the relationship between the expression of PLIN2 and AKT signalling pathway components by western blotting. EGFR, AKT, phosphorylated (p-) AKT, and survivin levels were markedly decreased in cells transfected with shPLIN2-1 or -2 ( Figure 5C ). Overexpression of EGFR partly reversed the apoptosis induced by PLIN2 depletion ( Figure 5D ). YM155 is a survivin inhibitor that has been investigated as an anticancer agent in clinical trials; Treatment with YM155 decreased the proliferation of PC9R cells relative to the negative control, especially in cells transfected with shPLIN2-1 or -2 ( Figure 5E ).
PLIN2 overexpression increases EGFR TKI resistance in patients with lung cancer
To confirm the role of PLIN2 in EGFR TKI resistance, we collected cancer cells from 26 malignant pleural effusions of lung adenocarcinoma (including 17 that were sensitive and nine that were resistant to EGFR TKI) for analysis of PLIN2 expression by qRT-PCR. The clinical characteristics of the 26 patients are listed in Table 1 . There were no differences in the clinical characteristics between the sensitive group and resistant group. PLIN2 was downregulated in EGFR TKI-sensitive as compared to -resistant samples in EGFR-mutant lung adenocarcinomas ( Figure 6A ). 
DISCUSSION
First-generation EGFR TKIs including gefitinib and erlotinib inhibit EGFR signalling by blocking the intracellular TK domain and are the first-line treatment for advanced NSCLC with EGFR mutation, especially in Asians, females, never smokers, and/or patients with adenocarcinoma [14] . However, approximately 20%-30% of NSCLC patients with EGFR mutation do not respond to treatment, and even those who show initial improvement eventually develop progressive disease about 1 year later [15] . Therefore, it is important to clarify the mechanisms of TKI resistance for more effective treatment of lung cancer.
In this study we found that PLIN2 is upregulated in gefitinib-resistant PC9R cells and confers gefitinib resistance. PLIN2 is a member of the PLIN family that plays an important role in fatty acid uptake, LD formation, and lipid storage [16] . Lung tumours exhibit abnormalities in vessels structure that limit the supply of nutrients and leads to hypoxia; therefore, metabolic processes such as carbohydrate and lipid metabolism must be altered in order to support cell growth [17] . Indeed, lipid metabolism has been implicated in lung cancer progression [18] , while other studies have reported that PLIN2 is overexpressed in breast and colorectal cancers and malignant melanoma [9] [10] and promoted ccRCC proliferation by inhibiting ER stress through increased lipid storage [11] . PLIN2 expression in a subset of lung adenocarcinoma cases is associated with the presence of wild-type EGFR and reduced overall survival [12] . Thus, PLIN2 plays an important role in lung cancer progression, especially in TKI-resistant cases.
Cancer cell proliferation and survival depend on EGFR activation [19] . EGFR-TKIs induce cancer cells apoptosis by blocking EGFR signalling. The T790M EGFR mutation is a major factor in the mechanism of EGFR TKI resistance. Furthermore, gene amplifications or mutations that cause growth factor receptor signalling downstream of EGFR, including HGF/c-Met or insulin-like growth factor 1 receptor, protect cancer cells against EGFR TKIinduced apoptosis [2, 20] . EGFR-TKIs decreased cancer cell survival by blocking downstream signalling pathways such as mitogen-activated protein kinase/extracellular signal-regulated kinase, Janus kinase/signal transducer and activator of transcription, and phosphoinositide 3-kinase/AKT/mammalian target of rapamycin [21] [22] [23] [24] . The EGFR/AKT/survivin pathway plays an important role in the induction of apoptosis by EGFR-TKIs in EGFR-mutant NSCLC cells [25] ; we found that PLIN2 knockdown repressed the EGFR/AKT/survivin signalling and promoted apoptosis in gefitinb-resistant cancer cells. PLIN2 overexpression protected cancer cells against apoptosis induced by gefitinb, whereas PLIN2 knockdown activated apoptosis-associated proteins such as cleaved caspase-3 and cleaved PARP.
In conclusion, we report here for the first time that PLIN2 is upregulated in gefitinb-resistant NSCLC and conferred gefitinb resistance by blocking gefitinb-induced apoptosis and activating EGFR/AKT/survivin signalling. Thus, PLIN2 plays an important role in the mechanism of resistance against EGFR-TKIs and is a potential target for the treatment of EGFR-TKI-resistant lung cancer.
MATERIALS AND METHODS
Cell culture
PC9 human lung adenocarcinoma cells were purchased from the American Type Culture Collection (Manassas, VA, USA). To induce gefitinib resistance, the cells were continuously exposed to increasing concentrations of gefitinib [13] . Gefitinib-sensitive and -resistant cells were cultured in Roswell Park Memorial Institute 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heatinactivated fetal bovine serum and 100 U/ml penicillin/ streptomycin. Gefitinib resistance was maintained by adding 1 μM gefitinib (Selleckchem, Houston, TX, USA). The cells were grown as a monolayers in a humidified atmosphere of 5% CO 2 at 37° C.
Lentivirus construction and infection
ShRNAs against PLIN2 (shPLIN2-1 and shPLIN2-2) were obtained from The RNAi Consortium (Broad Institute, Cambridge, MA, USA). Lentiviral plasmids containing GV112-shPLIN2-1 or -shPLIN2-2 of negative control shRNA were obtained from GeneChem (Shanghai, China). Lentiviral vectors overexpressing human EGFR (GV358) (GenBank accession number NM_005228) were from GeneChem. Lentiviral particles were produced by transfecting HEK 293T cells with the vectors. For viral infection, PC9 or PC9R cells were seeded in 6-well plates and grown to 50%-70% confluence, then incubated in medium containing the virus and 4 μg/ml polybrene at a multiplicity of infection of 10, followed by incubation with various concentrations of gefitinib 24 h later.
Cell proliferation assay
CCK8 (Dojindo Laboratories, Kumamoto, Japan) was used to assess the rate of cell proliferation. Briefly, cells were seeded in 96-well plates at approximately 1000 cells/well in 200 μl of culture medium. After 24 h, 10 μl CCK8 solution was added to each well, and the plates were incubated for 1 h at 37° C. The absorbance at 450 nm was determined on a Multiskan microplate reader (Thermo Fisher Scientific) at a wavelength of 650 nm.
EdU incorporation assay
Cells were incubated with 10 µM EdU (Thermo Fisher Scientific) for 4 h and then fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 15 min at room temperature. EdU detection was performed according to manufacturer's instructions and samples were imaged on an A1R confocal laser scanning microscope system (Nikon, Tokyo, Japan). PC9R cells stained with Hoechst 33342 and positive for EdU were counted using ImageJ v. 1.42 software (National Institutes of Health, Bethesda, MD, USA).
Detection of apoptotic cells by flow cytometry
An annexin V-FITC/PI staining kit (Thermo Fisher Scientific) was used to detect apoptotic cells. Transfected PC9 or PC9R cells were seeded in 6-well plates (5 × 10 5 cells/well) and treated with 1 μM gefitinib. The cells were digested with trypsin-EDTA (Thermo Fisher Scientific), washed three times with PBS, resuspended in 500 μl binding buffer, and then incubated with 5 μl FITCconjugated annexin-V and 3 μl PI for 15 min at room temperature in the dark. Stained cells were sorted on a FACS Aria II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Cell cycle analysis
Transfected PC9R cells were seeded in 6-well plates (5 × 10 5 cells/well) and treated with 1 μM gefitinib. The cells were collected, washed with PBS, and fixed in 70% ethanol for 24 h at 4° C, then stained with PI in the dark for 30 min at room temperature. Cell cycle distribution was analysed by flow cytometry.
Measurement of mitochondrial membrane potential
The MitoProbe JC-1 assay kit (Thermo Fisher Scientific) was used according to the manufacturer's instructions to detect changes in mitochondrial membrane potential. JC-1 forms J-aggregates emitting red fluorescence at 590 nm in intact mitochondria, and J-monomers emitting green fluorescence at 490 nm in depolarized mitochondria; an increase in the J-monomer fraction indicates mitochondrial damage. The results of the assay were obtained by flow cytometry.
Measurement ROS level
ROS were detected with the CellROX Orange probe (Invitrogen), which exhibits orange fluorescence upon oxidation by ROS. Transfected PC9R cells were seeded in 6-well plates (5 × 10 5 /well) and treated with 1 μM gefitinib. Cells were digested with trypsin-EDTA, incubated with 5 μM CellROX Orange reagent at 37° C for 30 min, washed twice with PBS, and analysed by flow cytometry to quantify ROS.
qRT-PCR
Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific) and reverse transcribed (Toyobo, Osaka, Japan) into cDNA, of which 20 ng were used as the template for qRT-PCR with the following forward and reverse primers: PLIN2, 5′-ACCAAGGTGCAGAGATGGAC-3′ and 5′-CCAATTT AGGGTTGCCTAGC-3′; Survivin, 5′-AGAGTCCCTGGC TCCTCTA-3′ and 5′-CCCGTTTCCCCAATGACTTA-3′; TOP2A, 5′-AGCAGATTAGCTTCGTCAACAGC-3′ and 5′-ACATGTCTGCCGCCCTTAGA-3′; CDK1, 5′-TAGC GCGGATCTACCATACC-3′ and 5′-CATGGCTACCACT TGACCTG-3′; BCL2L1, 5′-AAACTGGGTCGCATT GTGG-3′ and 5′-TCTCGGCTGCTGCATTGTTC-3′; and β-actin, 5′-CTGGCACCCAGCACAATG-3′ and 5′-CCGAT CCACACGGAGTACTTG-3′. The cycling conditions (40 cycles) were 95° C for 15 s, 60° C for 15 s, and 2° C for 45 s. Gene expression levels were normalized to that of β-actin according to the cycle threshold (2 −ΔΔCT ) method.
Western blotting
Total protein was extracted with radioimmunoprecipitation buffer (Beyotime Institute of Biotechnology, Shanghai, China) and separated on polyacrylamide gels, then transferred to a polyvinylidene difluoride membrane that was incubated overnight at 4° C with antibodies again PLIN2, EGFR, p-Akt (Ser473), survivin, cleaved caspase-3 (Asp175), cleaved PARP (Asp214), and actin (all from Cell Signaling Technology, Danvers, MA, USA) followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse immunoglobulin G at room temperature for 1 h. The proteins were visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA) and band intensity was analysed with Quantity One v.4.6 software (Bio-Rad, Hercules, CA, USA).
cDNA array and signalling pathway analysis
Total RNA was extracted from PC9R cells transfected with shPLIN2-1 or negative control shRNA using the RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA) and reverse transcribed into cDNA, which was amplified using a OneArray plus RNA amplification kit (Phalanx Biotech Group, Taiwan). Cy5-labelled RNA targets were hybridized to the Human Whole Genome OneArray (Phalanx Biotech Group). Signal intensity was measured with an Agilent Microarray Scanner (G2505C; Agilent Technologies, Santa Clara, CA, USA) and analysed with the Resolver system (Rosetta Biosoftware, Seattle, WA, USA). Statistical analyses were performed using the modeling techniques provided by the software.
Tumourigenicity assay
Animal experiments were approved by the Institutional Animal Care and Use Committee at Zhongshan Hospital of Fudan University, China. Male BALB/c nude mice (4-6 weeks old) were obtained from the Shanghai Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China) and were subcutaneously injected into the right flank with PC9R cells. Tumour volume was calculated according to the following formula: volume = (length × width 2 )/2. After 1 month, tumours were dissected and weighed for quantification. Ki67 immunohistochemistry was performed to detect proliferating cells in paraffin sections of xenograft tumours. Ki67-positive cells in randomly selected fields from each tissue section were quantified using ImageJ software.
Pleural effusion sample collection
A total of 26 lung adenocarcinoma patients, including 17 who were sensitive to and nine who had acquired resistance to EGFR TKIs, were enrolled in the study at the Department of Pulmonary Medicine, Zhongshan Hospital, Fudan University. All study participants provided informed consent and the study protocol was approved by the institutional ethics committee (approval number B2016-154R). All patient managements and pleural effusion sample collection were carried out in accordance with the relevant guidelines. Pleural effusions were collected and centrifuged at 1000 × g for 10 min. Cell pellets were washed twice with PBS and total RNA was extracted from cells using TRIzol reagent (Invitrogen). PLIN2 mRNA level was quantitated by qRT-PCR.
Statistical analysis
Experiments were performed with triplicate samples. Data are expressed as mean ± SD of at least three independent experiments. Differences among groups were evaluated by one-way analysis of variance followed by Bonferroni's multiple comparisons test, while the Student's t test was used to compare two different groups. P < 0.05 was considered statistically significant.
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